Introduction
European consumers expect stores to display several apple cultivars year-round. Easy to prepare, convenient to consume, and inexpensive, apple is a fruit compatible with modern lifestyles. Not surprisingly, apple account for a significant proportion of total fruit in the European diet, with estimated per capita availability of about 19 kg. [1] About 25 apple cultivars are produced in the European Union in volumes exceeding 10,000 tones. Among these, "Golden Delicious," "Gala," and "Idared" are the prevailing types. [2] Despite the differences in apple consumption habits among European countries, [2, 3] the overall intake of apple in the European diet is aligned with recommendations. Due to the combination of composition, intake amounts, and consumption frequency, apple is a major source of bioactive phenolics in the European diet. [1] The frequent consumption of apple has been associated to the reduction of certain types of cancer, cardiovascular diseases, and diabetes. [4] [5] [6] [7] More specifically, the consumption of one or more apples a day has been suggested to reduce the risk of malignant neoplasms of the oral cavity and pharynx, esophagus, colorectum, breast, ovary, and prostate, [8] and the intake of five apples per week can improve lung function. [9] The health benefits of apple have been attributed to phenolic phytochemicals and also to ascorbic acid. [10] Compounds in each one of these chemical classes contribute to the strong antioxidant activity of apple. [11] Phenolic compounds comprise several subclasses synthesized by different branches of the phenylpropanoid pathway. Three subclasses of bioactive phenolic compounds are relevant in apple: hydroxycinnamic acids, flavonoids, and dihydrochalcones. [12, 13] Flavan-3-ols, anthocyanidins, and flavonols are important groups among the apple flavonoids. Apple flavonols include several quercetin glycosides and derivatives, which are dietary components with high anti-inflammatory and antioxidant properties. [14] Phenolic acids and flavonoids are also relevant as they determine fruit quality characteristics such as color, flavor, bitterness, and astringency. [15] Concentration of these bioactive phytochemicals in apples varied considerably among cultivar and tissue type. [10, [16] [17] [18] Although apple peel accounts for a small percentage of whole fruit weight, its richness in phytochemicals can contribute to additional health benefits. The concentration of phenolic compounds, and, therefore, antioxidant activity and bioactivity, are higher in the peel than in the flesh. [11, 19] The European Union recognizes 1214 food products with protected designations of origin (PDO) or protected geographical indications (PGI), whose attributes are related to the territory. Of these, 343 or 28.3% are fruits, vegetables, and cereals, including more than 20 apples. [20] "Maçã de Alcobaça" is a Portuguese PGI with a pomological tradition going back to the Middle Ages and remains one of the main apple growing regions in the country. However, the phytochemical content of apples from the "Maçã de Alcobaça" PGI remained uncharacterized.
This study reports the phytochemical content and antioxidant capacity of the peel and flesh of eight apple cultivars from the PGI of "Maçã de Alcobaça," Portugal. These results improve our knowledge of terroir-specific nutritional composition and support a proposal of market segmentation of apple cultivars based on differences in their phytochemical composition.
Materials and methods

Fruit material and sample preparation
Eight apple (Malus × domestica) cultivars-"Casa Nova," "Fuji," "Golden Delicious," "Granny Smith," "Jonagored," "Reinette Grise," "Royal Gala," and "Starking,"-grown in the "Maçã de Alcobaça" PGI region, were analyzed. Cultivar classification based on peel color and taste is presented in Table 1 . Fruits harvested at commercial maturity were stored at 0ºC, 90-95% relative humidity (RH) for 3.0 to 3.5 months before sampling. Fruits with uniform shape and size, with the average mass indicated in Table 1 , and no surface damage were selected for analyses. A sample of 25 fruit were cored and peeled to obtain the edible flesh, peel, and core ( Table 1) .
Tissue cylinders with 14 mm diameter were excised from the equatorial region of the fruit. The peel layer (1 mm thick) was removed with a scalpel and the tissue located beneath the peel was used for flesh analysis. The tissue was immediately frozen in liquid nitrogen and subsequently ground in a mortar with silica sand (1 g). This preparation procedure lasted less than 60 s.
Chemicals
Chemicals and solvents were of analytical grade or higher. 2,2 'azino-bis(3-ethylbenzothiazoline-6sulfonic acid; ABTS) diammonium salt, methanol, acetone, and formic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). The standards of ascorbic acid, gallic acid, chlorogenic acid, quercetin, quercitrin, rutin, hyperin, isoquercitin, (+)-catechin, (̶ )-epicatechin, procyanidin B 1 , procyanidin B 2 , and phloridzin were also provided by Sigma-Aldrich (St. Louis, MO, USA). Folin-Ciocalteu's reagent and hydrochloric acid were obtained from Merck (Damstadt, Germany).
Antioxidant activity
Samples were sequentially extracted with acidified methanol (1% HCl) and acetone. Total antioxidant activity was measured by the oxidation of the radical cation ABTS diammonium salt [21] and expressed as ascorbic acid equivalents on a fresh weight basis. All tested samples were replicated six times.
Ascorbic acid content
Total ascorbic acid was determined as described by the EN 14130:2003. Ascorbic acid was extracted from a test sample with a solution of metaphosphoric acid. L-cysteine was used to reduce dehydroascorbic acid to ascorbic acid and total ascorbic acid was quantified by highperformance liquid chromatography (HPLC; Waters Series 600, Massachussets, USA) with detection at 265 nm.
Total phenolic compounds
Total phenolics were extracted in methanol acidified with 1% HCl. The total concentration of phenolic compounds was determined by the Folin-Ciocalteu method [22] with gallic acid as a standard.
Total flavonoids and anthocyanins
Total flavonoids in the peel and flesh were determined in the acidified methanolic extract. The reaction was carried out as described [23] and quantification of total flavonoids performed by spectrophotometry at 510 nm using rutin as a standard. The content on anthocyanins was measured in methanolic extract of peel and flesh. The concentration of total anthocyanins was determined spectrophotometrically at 530 nm (Shimadzu 1240 ultraviolet [UV]-visible, Tokyo, Japan) by pH-differential method. [24] The anthocyanin index (A530 nm) is expressed per gram of fresh mass.
Identification and quantification of individual phenolics
Individual phenolic compounds were separated and quantified by HPLC-diode array detector (DAD; Waters Series 600, Massachussets, USA) as described. [25] Compounds were separated in a 5 µm C18 column (4.6 mm × 250 mm) eluted at a flow rate of 0.75 mL min −1 . Water, methanol, and formic acid in the proportions 92.5:5:2.5 and 5:92.5:2.5 were used as eluent A and B, respectively. Solvent B increased from 0 to 20% in 10 min, 20 to 50% in the subsequent 50 min, and reduction from 50 to 0% in 10 min. Detection was performed at 280 and 320 nm. All samples were run in duplicate. Phenolic substances were identified based on retention time of the pure substance and calibration curves were established for quantification.
Statistical analysis
Data were subjected to one-way analysis of variance (ANOVA) with cultivar as a fixed factor. When the F-test revealed significant differences among cultivars, means were separated by the Duncan multiple range test at α = 0.05. Pearson correlation coefficients between the variables were calculated. All statistical analyses were performed with SPSS software (v. 20, Chicago IL, USA).
Results and discussion
Characteristics of apple cultivars
Graded apples of average market size were used for phytochemical characterization. With the exception of the smaller fruit of the landrace cultivar "Casa Nova," which weighed less than 100 g each, the average apple weight ranged from 129 g in "Starking" to 156 or 157 g in "Jonagored" and "Renette," respectively ( Table 1 ). The color class is a readily observed genotypic characteristic (Table 1 ). Cultivars were also classified into two taste groups based on ratio between their soluble solids content (SSC) and titratable acidity (values not shown). The average ratio between SSC and titratable acidity for the eight cultivars was 39. Cultivars were considered "sweet" or "sour" if their sugar to acid ratio was above or below the average, respectively. Apples are eaten with or without peel. This consumer preference has significant consequences upon phytochemical intake. The inedible core and stem accounted for 10% of the fruit mass (Table 1) , the same proportion considered in the USDA nutrient database [26] for unpeeled apple. The peel accounted for ca. 10% of the fruit mass (Table 1 ), a value slightly lower than the 13% reported elsewhere. [26] If the core is neglected, the peel accounts for 11% of the edible fruit mass and the flesh for 89%.
Antioxidant activity of methanol and acetone extracts
The antioxidant activity was evaluated separately in apple peel and flesh and in extracts obtained with two solvents with different polarities. Given the existence of water-soluble (e.g., phenolic compounds and ascorbic acid) and lipid-soluble antioxidant compounds (e.g., carotenoids and tocopherols), antioxidant activity was measured in a more polar methanolic and in a nonpolar acetone extracts. The average (eight cultivars) antioxidant activity was higher in the methanolic than in the acetone extract, 10-and 5-fold higher in the flesh and peel, respectively ( Table 2) .
The ratio between the antioxidant activity of peel and flesh in the methanolic extract was cultivardependent, ranging 3.3 to 3.8 in "Reinette," "Granny Smith," and "Golden Delicious," up to 9 in "Starking." The higher antioxidant activity of the apple peel in relation to the flesh is consistent with results reported elsewhere. [27] Antioxidant activity in the flesh and peel varied 3-fold among cultivars. Flesh antioxidant activity ranged from the 0.34 mg g −1 in "Fuji" to 1.06 mg g −1 in "Reinette," whereas in the peel it ranged from 1.78 mg g −1 in "Granny Smith" to 5.49 mg g −1 in "Starking" ( Table 2 ). No direct correlation was observed between the cultivar color class (Table 1 ) and antioxidant activity of flesh and peel. For instance, the peel of red "Fuji" and the bicolored "Galaxy" had similar levels of antioxidant activity to the yellow "Golden Delicious" and the green "Granny Smith." 
Ascorbic acid concentration
The average concentration of total ascorbic acid in the eight apple cultivars was 31 mg kg −1 (Table 3) , ranging from the lowest value of 23 mg kg −1 in "Galaxy" to the highest level in "Reinette" (133 mg kg −1 ). These values are, on average, slightly lower than the 40 and 46 mg kg −1 reported for peeled and unpeeled apples of unspecified cultivars, respectively. [26] Total phenolic content Total phenolic concentration in the peel was, on average, 5-fold higher than that in the flesh. "Reinette," "Jonagored," and "Casa Nova" were the cultivars with higher phenolic concentrations in the flesh, whereas, "Starking," "Reinette," and "Casa Nova" had the higher concentrations in the peel (Table 3 ). Higher phenolic concentrations in the peel than in the flesh has been documented for several apple cultivars and other fruit types. [26] [27] [28] [29] Total phenolic content in the flesh ranged 3.8-fold from 5.2 mg g −1 in "Granny Smith" to 14.4 mg g −1 in "Reinette." Peel phenolic content ranged 4.4-fold, from 14.7 mg g −1 in "Fuji" to 65.1 mg g −1 in "Starking" (Table 3 ). Total phenolic content in the peel was positively correlated with antioxidant activity but not related with the color class. These results highlight the importance of apple peel as a dietary source of phenolics.
Flavonoid compounds
Flavonoids account for about 60% of the total dietary polyphenols. [30] Total flavonoids were more abundant in the peel than in the pulp in every apple cultivar, a difference that ranged from 4-to 10fold ( Table 3 ). The highest concentration of flavonoids was measured in the peel of "Starking" (14.5 mg g −1 ) and the lowest in "Granny Smith" (5.7 mg g −1 ). However, no direct relationship was observed between peel flavonoid concentration and the cultivar color class ( Table 1) ; for instance, similar flavonoid levels were measured in the bicolor "Fuji," the yellow "Golden Delicious," and the green "Granny Smith." Flesh flavonoid levels were highest in "Reinette" (3.3 mg g −1 ) and lowest in "Golden Delicious" (1.2 mg g −1 ).
Flavonoids can be divided into subclasses based on their molecular structure. Compounds from three of flavonoid subclasses were identified in the apple cultivars analyzed: flavonols, anthocyanins, and flavanols. The flavonol quercetin and four quercetin glycosides were identified in the peel of apple fruit from all cultivars except "Reinette" (Table 5 ). Quercetin was also identified in the flesh of apple cultivars, with an average concentration of 0.2 mg kg −1 (not shown), but was much more abundant in the peel. Quercetin glycosides were not detected in the flesh of the any of the cultivars analyzed. Hyperin, a quercetin-3-galactoside, was the most abundant quercetin derivative in apple skin, followed by quercitrin Values are mean ± SE (n = 3). Means followed by the same letter within columns are not significantly different at α ≤ 0.05.
(quercetin 3-rhamnoside) and isoquercetin (quercetin-3-glucoside), present in similar concentrations. Rutin, a quercetin-rutinoside, was present in the peel in concentrations of the same order of magnitude of those of quercetin. When the sum of quercetin and quercetin glycosides is considered, "Casa Nova," "Fuji," and "Galaxy" were quercetin-rich cultivars, whereas "Golden Delicious," "Granny Smith," and "Starking" had lower levels of quercetin glycosides (Table 4 ). "Reinette" had the highest flavonoid concentration in the peel (Table 3 ) but low levels of quercetin glycosides (Table 4 ) and anthocyanins ( Table 3 ), suggesting that other flavonoids are abundant in this cultivar. The flavanols catechin and epicatechin were concentrated in the peel. "Starking," "Reinette," and "Casa Nova" were rich in these flavonols, which were less concentrated in "Golden Delicious" and "Granny Smith" (Table 4 ). Procyanidins were also found on the peel of all apple cultivars. Procyanidin B2, a dimer of epicatechin, was more abundant that procyanidin B1, a dimer formed from epicatechin and catechin. A significant correlation was observed between the flavonol (catechin and epicatechin) and procyanidin concentrations in the apple cultivars characterized in this study ( Table 4 ). Phloridzin is a glycosylated dihydrochalcone abundant in apple peel. Phloridzin was more abundant in "Reinette" than in "Galaxy," "Golden Delicious," and "Fuji" (Table 4) .
Anthocyanins are a class of flavonoids responsible for the reddish color of some apple cultivars. Therefore, in contrast with total phenolics or flavonoids, differences in peel anthocyanin content were related to color. Anthocyanins were absent or detected at very low levels in the flesh of any of the eight apple cultivars analyzed. However, a 54-fold difference was measured in the peel of different cultivars, ranging from the lowest index of 0.033 to 0.037 in "Golden Delicious" and "Granny Smith" to the highest indices of 1.773 in "Starking" (Table 3 ). Idaein or cyanidin-3-galactoside is the major anthocyanin in apple skin. [31] The contribution of apple to the dietary intake of flavonoids in the European diet is significant. For instance, apple is the top ranking source of flavonoids for the Spanish population, outranking red wine. [32] In addition, apple is a top ranking food source of flavonoids from each one of these subclasses: flavonols, flavan-3-ols, proanthocyanidin, and anthocyanidins. [32] Chlorogenic acid Phenolic acids are a subclass of phenolic compounds which accounts for ca. 30% of the dietary polyphenols. [30] Chlorogenic acid is the major phenolic acid in apple and the only phenolic compound that is more abundant in the flesh than in the peel ( Table 5 ). "Reinette," "Casa Nova," and "Starking" had flesh concentrations of chlorogenic acid higher than 1 g kg −1 , whereas "Granny Smith" had only 0.1 g kg −1 ( Table 5 ).
Segmentation of apple cultivars based on phytochemical composition
The results presented herein show that the conventional market segmentation of apple cultivars based on skin color does not coincide with a nutritional and phytochemical segmentation. This lack of coincidence was observed for total phenolics and flavonoids. Anthocyanin presence, although directly related to red hues, is also highly variable within the red and bicolored cultivars.
In addition to the market categories based on color and taste, apple cultivars from the PGI "Maçã de Alcobaça" can be segmented based on their phytochemical content ( Table 6 ). Four categories are proposed based on the major apple phytochemicals taking into account the consumer preference for eating the apple peel. This is a relevant consumption preference since most apple phytochemicals were more concentrated in the peel than in the flesh. "Reinette" is a particular case of a cultivar whose peel is rich in several phytochemicals, but due to the intense russeting this apple cultivar is often peeled.
Three classes are proposed for apples eaten with peel: (1) the flavonoid-rich "Starking," "Reineta," "Galaxy," "Casa Nova," "Jonagored;" (2) the quercetin-rich "Fuji," "Galaxy," "Casa Nova;" and (3) flavonol and procyanidin-rich "Starking," "Reinette," "Jonagored," and "Casa Nova." Peeled apples can be categorized into two phytochemical classes: (1) the flavonoid-rich "Reinette" and "Casa Nova;" and (2) the chlorogenic acid-rich "Reineta," "Casa Nova," and "Starking." Segmentation 
Conclusions
The highest concentration of phytochemicals is located in the apple skin instead of the flesh. The market segmentation of apple cultivars based on skin color is not related with their overall phytochemical content. The present study documents the compositional differences in apple cultivars and proposes a phytochemical classification of apple cultivars from the PGI "Maçã de Alcobaça." ORCID Domingos P. F. Almeida http://orcid.org/0000-0001-8429-8585 Manuela Pintado http://orcid.org/0000-0002-0760-3184 Values are mean ± S.E. (n = 3). Means followed by the same letter within columns are not significantly different at α ≤ 0.05. Table 6 . Proposed market segmentation of apple cultivars based on their phytochemical content.
Consumption
Phytochemical class
With peel Without peel Flavonoid-rich "Starking," "Reinette," "Galaxy," "Casa Nova," Jonagored" "Reinette," "Casa Nova" Quercetin-rich "Fuji," "Galaxy," "Casa Nova" -Chlorogenic acid -" Reinette," "Casa Nova," "Starking" Flavonol and procyanidin-rich "Starking," "Reinette," "Jonagored," "Casa Nova" -
